The pine wilt disease caused by Bursaphelenchus xylophilus (BX), also known as pine wood nematode (PWN), is the most devastating disease of pine trees. In this study, we engineered a highly specific antibody (single-chain fragment variable, scFv) against B. xylophilus cellulase antigen (BXCa). The antibody was raised against highly antigenic cellulase purified from PWN that efficiently hydrolyzed carboxymethyl cellulose. Total RNA was extracted from fresh spleens from BALB/c mice immunized with BXCa, and V H and V L were assembled with a linker following reverse transcriptase-polymerase chain reaction. The final phage display antibody library had a repertoire of about 5 Â 10 4 . We obtained specific engineered antibodies against BXCa after five rounds of affinity selection. The positive phage clones were used to infect Escherichia coli HB2151, and enzyme-linked immunosorbent assay and dot blotting showed that the soluble scFv specifically binded to BXCa. The scFv was sequenced and expressed in E. coli BL21 fused to enhanced green fluorescence protein, which had both green fluorescence and antiBXCa functions. Using the fusion protein, we located cellulase in live PWN using an inverted fluorescence microscope and a laser scanning confocal microscope. The results strongly suggested that the cellulase was synthesized in the esophageal gland cells. This novel method of detecting and localizing proteins in live PWN might further our understanding of the underlying pathology of pine wilt disease.
Pine wilt disease is the most devastating disease of pine trees. It is caused by the pine wood nematode, Bursaphelenchus xylophilus (BX). The disease is introduced to the pine tree by carrier, the pine sawyer beetle Monochamus alternatus. 1) There have been reports suggesting that the pine wood nematode (PWN) secrets high activity cellulase to break down the cell walls and cell membranes of parenchyma tracheids. Previous studies have suggested that the cellulase of PWN plays an important role in pathogenicity. 2, 3) Kikuchi et al. recently cloned a family of glycosyl hydrolases (BX-eng-1, BX-eng-2, BX-eng-3), family 45 cellulases, from the PWN and expressed BX-eng-1 containing hydrolyzing carboxymethyl cellulose activity. In situ hybridization showed that digoxigenin-labeled antisense probes generated from Bx-eng-1 hybridized with transcripts in the esophageal gland cells of PWN. 4) Zhang et al. located the tissue secreting cellulase by immunohistochemistry using polyclonal antibodies against B. xylophilus cellulase antigen (BXCa), which also showed that BXCa is synthesized in the esophageal gland cells. 5) Since its invention at the beginning of the 1990s, antibody phage display has revolutionized the generation and engineering of monoclonal antibodies. The single chain fragment variable (scFv) is one smaller unit with the ability to conjugate with antigen, and it can penetrate cells and react against antigen more efficiently than normal antibody. Although scFvs have been successfully used in a large number of studies relating to cancer, viral infections, and aging, [6] [7] [8] [9] they have not been used in the detection and localization of proteins. Enhanced green fluorescence protein (EGFP) has been widely used in signal detection in biology. 10, 11) In this study, we constructed an anti-BXCa phage display antibody library. We identified a specific scFv y To whom correspondence should be addressed. Tel/Fax: +86-22-2350-8371; E-mail: gangbai@nankai.edu.cn Abbreviations: BX, Bursaphelenchus xylophilus; PWN, pine wood nematode; scFv, single chain fragment variable; BXCa, Bursaphelenchus xylophilus cellulase antigen; EGFP, enhanced green fluorescence protein; HRP, horseradish peroxidase; LSCM, laser scanning confocal microscope; CBB, Coomassie Brilliant Blue R-250 against BXCa, and the recombinant anti-BXCa scFv and EGFP (scFv-EGFP) fusion protein produced in E. coli specifically coupled with BXCa. Using an extract containing scFv-EGFP, we identified the tissue where the cellulase was synthesized using an inverted fluorescence microscope and a laser scanning confocal microscope (LSCM). This novel method of detecting and localizing proteins in live PWN might further our understanding of the underlying pathology of pine wilt disease.
Materials and Methods
Biological materials and reagents. B. xylophilus and B. mucronatus were isolated from Pinus massoniana and P. thunbergii collected from Anhui and Sichuan Provinces respectively in China. They were then cultured on Pestalotiopsis theae Sawada, which was grown on autoclaved barley grains. B. xylophilus and B. mucronatus populations were grown on two-week-old cultures of P. theae Sawada from the same single strain. Nematodes of all life stages were harvested with sterile water. The BXCa used in this study was purified from PWN, and the procedure was performed according to our previously published method.
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The phagemid vector (pCANTAB5E), helper phage (M13KO7), E. coli TG1, E. coli HB2151, horseradish peroxidase (HRP)-coupled anti-E tag monoclonal antibody, and all primers used to construct the phage antibody library were purchased from GE Healthcare (Boston, MA). The RNA extraction kit and cDNA Synthesis System Plus kit were purchased from SaiBaiSheng Biotechnology Corporation (Beijing, China). Taq DNA polymerase, T4 ligase, and all restriction enzymes and DNA purification systems were purchased from Takara Biotechnology (Shiga, Japan). E. coli DH5, E. coli BL21, and pET21(a+) and pEGFP-C2 vectors were stored in our lab.
The HRP-labeled goat anti-mouse IgG used for enzyme-linked immunosorbent assays (ELISA) was purchased from TBD Bio (Tianjin, China). All commercial enzymes were purchased from Sigma (St. Louis, MO). All chemicals used in this study were of analytical grade and were commercially available.
Construction of anti-BXCa phage display antibody library. Three four-week-old female BALB/c mice were injected intraperitoneally with 100 mg of purified BXCa emulsified in complete Freund's adjuvant. Subsequently they received three injections of the same sample with incomplete Freund's adjuvant at biweekly intervals. After injection, the affinity of the antibody was evaluated by the ELISA method. 5) BXCa protein (100 ml at 10 mg/ml) was used as the solid phase, and a serial dilution of sera and HRP-labeled goat anti-mouse IgG were added.
Total RNA from the splenocytes of the highest titer mouse was extracted with an RNA extraction kit. Firststrand cDNAs were synthesized from 20 mg of RNA using the cDNA Synthesis System Plus kit. The cDNAs encoding for the variable regions of the heavy and light chains (V H and V L respectively) were then amplified by polymerase chain reaction (PCR) using the corresponding primers, which were included in the mouse scFv module/recombinant phage antibody system. The reaction of PCR amplification was programmed at initial denaturation at 94 C for 5 min, 30 cycles of denaturation at 94 C for 1 min, annealing at 55 C for 2 min, and extension at 72 C for 1 min, and a final extension at 72 C for 10 min. The amplified DNAs of the V H and V L fragments were purified separately by agarose gel electrophoresis to remove the primers from the amplification products.
Each of the purified V H and V L cDNAs was assembled into a single gene using a DNA linker fragment (at the same concentration as V H and V L ) which codes for the (G 4 S) 3 peptide, connecting the two cDNAs in the correct reading frame. The assembled fragment was amplified using the RS primer mix with either a Sfi I or a Not I restriction site at the 5 0 end to facilitate cloning of the PCR product into the phagemid pCANTAB5E vector. The pCANTAB5E vector was designed so that the antibody variable region genes could be cloned between the leader sequence and the main body of the M13 gene. The ligation mixture was transformed into E. coli TG1 cells. All transformed cells were added to 2 ml 2 Â TY medium (1% peptone, 0.5% yeast extract, 0.1% glucose, 0.5% NaCl, 2% agar, pH 7.0) containing 20% glucose, and shaken at 37 C for 1 h. Serial dilutions of the cells were used to measure the library size (repertoire). The other culture was coated onto a SOBAG (SOB medium containing 100 mg/ml ampicillin and 2% glucose) agar plate and incubated at 30 C for 24 h. A 4-ml sample of 2 Â TYAG (2 Â TY medium containing 100 mg/ml ampicillin and 20% glucose) medium was used to wash the plate, and the colonies were inoculated into 20 ml 2 Â TYAG medium, followed by incubation at 37 C with shaking at 250 rpm until the A 600 reached 0.4-0.8. The helper phage M13KO7 was then added to the culture at a multiplicity of infection. After incubation at 37
C for 1 h with shaking at 250 rpm, the cells were pelleted by centrifugation at 5,000 rpm for 10 min at room temperature and resuspended in 20 ml of 2 Â TYAK medium (2 Â TY medium containing 100 mg/ml ampicillin and 50 mg/ml kanamycin). The culture was incubated at 30 C with shaking at 250 rpm overnight. After centrifugation at 5,000 rpm for 20 min, the supernatant was obtained and mixed with 4 ml of PEG/NaCl solution (20% PEG8000 containing 2.5 M NaCl). The phage was allowed to precipitate gently for 1 h on ice and pelleted by centrifugation at 12,000 rpm for 20 min at 4 C. The pellet, which was the phage display single chain antibody library, was resuspended in 1 ml PBS (20 mmol/l phosphate buffer containing 0.15 M NaCl, pH 7.0), and stored at 4 C.
Screening of scFv. After coupling with 100 ml of 10 mg/ml BXCa, the wells in the microtiter plates were blocked with 2% bovine serum albumin (BSA), and then 100 ml (approximately 10 11 colony forming units, cfu) of phage display antibody library was added and incubated at 37
C for 1 h. After careful washing with 20 mmol/l phosphate buffer (pH 7.0, containing 0.15 M NaCl and 0.1% Tween 20, PBST), 500 ml of elution buffer (0.1 mol/l glycine-HCl, pH 2.2) was added and incubated at room temperature for 10 min, after which 30 ml of 2 mol/l Tris-HCl (pH 9.1) was added immediately. A logarithmically-growing E. coli TG1 culture (2 ml) was added and incubated at 37 C for 30 min. After measurement of the cfu, the culture was incubated for an additional 1 h, and the secondary phage library was prepared using the method described above, and screened. The process was repeated for five rounds using the same method. Positive clones were identified by panning, which was performed by following the described phage ELISA method, with M13K07 as a negative control.
Determination of scFv specificity. The wells in the microtiter plates were coated with 100 ml BXCa (10 mg/ ml) with 10 mmol/l Tris-HCl buffer (containing 0.01 M NaCl and 10 mmol/l NaN 3 , pH 8.5) for 30 min at 37 C. After blocking with 200 ml of 60 mmol/l phosphate buffer (containing 1% BSA and 0.1% NaN 3 , pH 7.4) for 1 h at room temperature, the wells were incubated with 100 ml of the phages described above overnight at 4 C, followed by incubation with 100 ml of HRP-coupled goat anti-M13 IgG antibodies (1:10,000 dilution) for 1 h at room temperature. Bound HRP activity was measured at 490 nm with an automatic ELISA analyzer using ophenylenediamine as a substrate.
Sequence analysis of positive clones. The pCAN-TAB5E primers S1 (upstream primer, 5 0 -CAA CGT GAA AAA ATT ATT ATT CGC-3 0 ) and S6 (downstream primer, 5 0 -GTA AAT GAA TTT TCT GTA TGA GG-3 0 ) were used to sequence the higher affinity clones. Sequencing was performed by Sunbiotech (Beijing, China). The sequence data were analyzed by a BLAST search of the GenBank databases and analyzed with DNAPLOT online.
Construction of the scFv-EGFP expression vector. The EGFP gene was obtained by PCR from pEGFP-C2 with primers (upstream primer, 5 0 -TAT GAA TTC ATG GTG AGC AAG GGC GAG GAG-3 0 , and downstream primer, 5 0 -TAT GAG GCC GCC TTG TAC AGC TCG TCC ATG-3 0 ). The fragment was ligated with pET21 (a+) digested with EcoR I and Not I. The ligation product was then transformed into E. coli DH5. Positive clones were confirmed by sequencing. The scFv with a linker fragment was obtained by PCR from pCAN-TAB5E with primers (upstream primer, 5 0 -GAT CAT ATG GCC CAG GTG CAC C-3 0 , and downstream primer including linker fragment, 5 0 -CTA GAA TTC TGA ACC GCC TCC ACC CCG TTT CAG CTC CAG C-3 0 ), and ligated into pET21(a+)-EGFP digested with Nde I and EcoR I. The recombinant strains were confirmed by PCR and restriction enzyme digestion. Positive clones were confirmed by sequencing to obtain the pET21 (a+)-scFv-EGFP expression vector. The pET21(a+) and pEGFP-C2 vectors were separately transfected into E. coli BL21 cells to serve as controls.
Expression of scFv-EGFP fusion protein in E. coli and identification of function. After E. coli BL21 was transformed with the pET21(a+)-scFv-EGFP expression vector, the cells were spread on Luria-Bertani (LB) plates (containing 100 mg/ml ampicillin and 1.4% agar) and cultured for 14 h at 37 C. The positive clones were selected and shaken at 200 rpm in LB/Amp medium (Luria-Bertani medium containing 100 mg/ml ampicillin) for 9 h at 37 C, and then 1% of the culture was transferred to a new LB/Amp medium and shaken at 37 C. After 3 h, the fusion protein was expressed by inducing it with 1 mmol/l isopropyl--D-thiogalactopyranoside (IPTG) for 24 h at 25 C. All harvested cells were collected and washed with PBS to remove any remaining culture medium and then crushed with an ultrasonic crusher. The suspension was centrifuged at 12,000 rpm at 4 C for 10 min, and the supernatant containing the scFv-EGFP fusion protein was collected and stored at 4 C. The extract was evaluated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) by the Laemmli method and the gel was stained using 0.1% Coomassie Brilliant Blue R-250 (CBB), and the fluorescence of the gel was observed under a 488 nm excitation light source.
The function of the fusion protein was confirmed by modified dot blotting. Various concentrations of BXCa and 5 mg/ml of control enzyme antigens (1 ml of each) were added to polyvinylidene fluoride membranes and incubated at 37 C for 3 h to fix antigens. After blocking with 10% normal goat serum at 4 C for 12 h, the membranes were incubated with 2-fold dilutions of supernantant containing the scFv-EGFP fusion protein at 37 C for 2 h. After they were washed with PBST, the membranes were observed using an inverted fluorescence microscope (Olympus BX51) and photographed immediately. Fluorescence intensity was analyzed with Image Pro Plus 5.1 software.
Cellulase localization in live B. xylophilus. B. xylophilus was separated from P. theae Sawada hyphae using a Baermann funnel at 25 C for 2 h. The harvested nematodes were washed with sterile water to remove any remaining mycelium, added to 2-fold dilutions of the supernatant containing the scFv-EGFP fusion protein, and incubated at 25 C, a procedure similar to that of Lim et al.
12) The nematodes were frequently observed at different times using an inverted fluorescence microscope, and B. xylophilus reacted with the EGFP supernatant was used as a negative control. Fine analysis of fluorescence was performed by LSCM (Olympus FV1000S).
Results

Construction and identification of phage display antibody library
After amplification of V H and V L by PCR, we obtained 340-bp and 320-bp fragments respectively. V H and V L with a linker fragment were assembled into an scFv by multiplicate PCR, producing an approximately 750-bp fragment. After Sfi I and Not I digestion, the scFv gene was ligated into pCANTAB5E, and the vector was transformed into E. coli TG1, which was the phage display antibody library. The library size was 5 Â 10 4 and the phage titer was 2 Â 10 11 cfu/ml.
Selection of BXCa-specific binding clones from phage display antibody library and sequence assay
To enrich for BXCa-specific binding clones from the phage display antibody library, five rounds of selection with BXCa antigen were performed and the output/ input ratios of the phages were determined after each round of selection. ELISA analysis of the phage titers before and after each round showed that the amount of anti-BXCa phage increased dramatically after five rounds of panning (Fig. 1) . The increase gradually declined after five rounds relative to the first, which indicates that the anti-BXCa phages were already efficiently enriched.
After five rounds of panning, 96 clones were randomly selected and amplified in a 96-well microtiter plate to assess their binding ability with BXCa by phage ELISA. As a result, 10 clones with higher specificity were obtained (Fig. 1) . The clones D5, D6, and E11, which had the highest absorbance values on phage ELISA, were chosen for sequencing. The results showed that the sequences of three clones were identical. The data have been submitted to the NCBI database (no. AY907550). The gene has lower homology with other mouse scFvs based on a BLAST search of the NCBI GenBank database. By DNAPLOT analysis, the heavy chain variable region belonged to the VH1 family and the light chain variable region was of the type (Fig. 2) .
Expression of fusion protein and identification of activity E. coli BL21 harboring pET21a(+)-scFv-EGFP was grown in LB/Amp medium and protein expression was induced by IPTG. After collecting and crushing the cells, the extract containing the scFv-EGFP fusion protein was obtained. As shown in Fig. 3A , lane 1, the apparent molecular weight of the recombinant scFv-EGFP protein was about 53 kDa, as the white arrow indicates. The same gel was also observed under a 488 nm excitation light source, and the fluorescence photograph is shown as Fig. 3B . One obvious green fluorescence band was observed only in the same situation by CBB staining analysis (Fig. 3B, lane 1) . This was basically consistent with the expected molecular weight according to the fusion protein sequence (52.6 kDa).
In the dot blot analysis, stronger green fluorescence was observed on the membrane when the scFv-EGFP fusion protein was reacted with BXCa (1 mg/ml) (Fig. 4A) . In contrast, no fluorescence was observed in BLK, blank; 1st-5th, ELISA assay of phages with enriched affinity from the first to the fifth round of selection; A9, B8, C1, D5, D6, E3, E7, E11, F10, and G9 were the 10 selected clones owning higher specificity and their binding specificities were determined. FR, framework region; CDR, complementarity-determining region.
the control reaction, which was incubated with EGFP protein only (Fig. 4B) . The specificity of scFv-EGFP was confirmed by its reaction with other commercial enzymes, including Aspergillus niger cellulase, proteinase K, pectinase, and neutral proteinase. No green fluorescence was observed on the membrane at an enzyme concentration of 5 mg/ml (data not shown). Figure 4 shows the relationship between the logarithm of BXCa concentration and the fluorescence intensity on the membrane. The best detection range of the scFv-EGFP was 0.5-4 mg, with a sensitivity of 0.25 mg. At this concentration, green fluorescence was clearly observed using an inverted fluorescence microscope. This result not only indicates that the fusion protein is specific for BXCa, but that it is also equal to a tracer that can radiate stronger green fluorescence.
Cellulase staining in PWN
To locate cellulase in live nematodes, PWN were incubated with an appropriate dilution of scFv-EGFP extract at 25 C and observed at 2-h intervals with an inverted fluorescence microscope. The negative control which reacted with EGFP, showed insignificant staining, while green fluorescence was found only in the digestive cavity after incubation for 8 h (Fig. 5A) , and the result reacted with scFv-EGFP was similar. After 24 h, the green fluorescence disappeared, perhaps due to digestion or egestion (Fig. 5B) . As the same time, as shown in Fig. 5C , after incubation for 24 h, most nematodes were observed to have stronger green fluorescence in the nearby esophageal gland cells. These results indicate that the reaction of BXCa with scFv-EGFP was specific and that the fusion protein can be used as a novel detection method.
Following further analysis with LSCM, as shown in Fig. 6A , C, and D, green fluorescence was clearly seen in esophageal gland cells (Fig. 6B ). This result indicates that PWN cellulase was synthesized in the esophageal gland cells, in agreement with our previous report.
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Discussion
A single-chain antibody is a smaller unit with the ability to conjugate with antigen, one-sixth the size of whole antibody. It had some advantages, such as a lower molecular weight, stronger penetrating power, lower immunogenicity, and a shorter half-life, and can be more easily modified and engineered. 13) Phage antibody libraries display the variable region of all antibody genes on the phage surface. The key feature of the display of ligands on the phage surface is the linkage of phenotype (surface displayed ligand) and ligand genotype, encoded within the phage genome and combining the recognition of antigen with re-amplification ability, which makes preparation and screening of the antibody convenient and efficient. 14) Some scFvs selected from phage antibody libraries have been shown to have low yields and stability. These can be increased individually, but the creation of libraries in which high percentages of the scFvs are stable and well-expressed is essential to the adoption of this technology in proteomics. 13) In our study, we successfully panned specific scFv against one B. xylophilus cellulase antigen, BXCa. In general, the affinity of the antibodies selected is proportional to the size of the library. In our study, the size of the phage display library constructed was 5 Â 10 4 , smaller than the customary size (10 6 ). However, the library was created from variable region genes from immunized mice and has a strong bias towards antibodies of a certain specificity. In addition, the mouse serum titer was higher (> 10 5 ) and the target antibody was passed through the affinity maturity process, compensating for the smaller library size. This result confirms that it is possible to select specific phage antibodies against a target antigen from smaller antibody libraries. It agrees with the report of Bradbury et al., which showed that antibodies selected from immunized libraries tend to have much higher affinities for the antigen used for immunization than from an equivalent library size. 13) EGFP is a highly sensitive signal protein used in biological detection. We expressed scFv with EGFP at the scFv C-terminus and obtained a doubly functional protein. In the host pinewood, PWN feed mainly on parenchyma cells. 15) They are equipped with a protrusible hollow stylet, through which secretions from the esophageal glands are released. These secretions, which include cellulase and pectinase, are subjects of intensive study because of their putative roles in plant pathogenesis. 4, 16) They may have important roles in induction of the primary symptoms of pine wilt disease. In the case of PWN, some researchers have proposed that the cellulase from PWN can cause pinewood to wilt. 2, 17) Cellulase should be regarded as having one of the most important roles in early pathogenesis, especially in the induction of the primary symptoms of pine wilt disease. Although cellulase localization has been determined using in situ hybridization and immunohistochemistry, no single method is ideal to observe the expression and secretion of cellulase in live PWN.
In this study, using an scFv-EGFP fusion protein, we established a novel and effective immunological method that illustrates the organization of cellulase synthesis in live PWN and successfully locates the cellulase in esophageal gland cells, which should further our understanding of the underlying pathology of pine wilt disease. This novel method might be applicable to the localization of other proteins and to observation in culture cells or live organisms. 
